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ABSTRACT 
Abdominal aortic aneurysms (AAA) are localized, progressive dilations of the aortic wall 
and are the 13th most common cause of death in the United States (~15,000 per year) and  
surgery is usually recommended when the aneurysm is 5 cm or larger in diameter. 
Because of this clinical parameter, previous studies of AAA biomechanics have utilized a 
one-dimensional analysis that focuses solely on changes in wall diameter and have 
attempted to model geometric changes with mathematical formulas, generally based on 
the LaPlace equation. This is not sufficient however, as the mechanical behavior of the 
tissue at sites of aneurysm have been documented as being nonlinear, anisotropic, and 
non-homogeneous in addition to having a complex geometry. Further, since aneurysms 
have been found to vary in their progression, the success of such models in predicting 
geometric changes leading to rupture has been minimal. Therefore, an approach to 
quantify the 3D changes in the wall geometry of AAA is necessary for adequate 
estimations of the abnormal wall stresses that occur at the site of aneurysm. The overall 
aim of this project was to develop an ex vivo tissue testing system that will allow for 3D 
biomechanical analysis of aorta specimens from small animals. More specifically, we 
have designed, assembled, and calibrated a computer-controlled experimental setup that 
allows tissue samples to be pressure loaded and imaged from multiple angles at 
prescribed pressure increments. We have also developed custom LabVIEW scripts to 
control the hardware and MATLAB scripts to produce 3D images and geometry data of 
the specimen at these prescribed pressure levels. Our calibration study with image 
phantoms revealed that percent error for curvature and diameter calculations ranged 
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between 2-10%. Additionally, aortic wall stresses under varying pressures were 
calculated and compared in normal tissue samples and an aorta with an artificially 
induced bulge. The stress levels ranged between 96-219 kPa and 15-76kPa (under 30-150 
mmHg pressure) for the artificially bulging sample and normal tissues, respectively. 
These results demonstrated that the novel ex vivo tissue testing system developed in the 
present study was capable of quantifying both surface curvature and diameter of small 
animal aorta specimens under a wide range of pressures, allowing for wall stress 
estimations and opening up the possibility of more thorough testing of experimental AAA 
treatments.  
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CHAPTER 1: INTRODUCTION 
A. Clinical Motivation: Abdominal Aortic Aneurysm 
Abdominal aortic aneurysm (AAA) is a localized dilation of the wall of the abdominal 
aorta. AAA is the 13th leading cause of death in the United States, claiming about 15,000 
lives annually (Vorp[13]). It affects as much as 9% of the population over the age of 65 
years (Thompson). An estimated 150,000 new cases are diagnosed each year in the US 
(Doyle[3]). Rupture of AAA is associated with a 90% mortality rate (Volokh), thus it is 
important that clinical measures be taken to reduce likelihood of rupture. 
 
B. Anatomy of the Aorta 
The aorta is the largest artery in the body, extending out from the left ventricle of the 
heart. It is divided into several sub-sections. These include the ascending aorta, the aortic 
arch, and the descending aorta. The ascending aorta is the portion that receives 
oxygenated blood directly from the left ventricle. Blood then travels through the aortic 
arch, which supplies the brachiocephalic, left common carotid, and left subclavian 
arteries. The descending aorta is located inferior to the aortic arch and is divided into two 
sections: the thoracic aorta and the abdominal aorta. The thoracic aorta is located inferior 
to the aortic arch and superior to the diaphragm, while the abdominal aorta is inferior to 
the diaphragm and terminates at the common iliac bifurcation. (Gray) 
 
At the tissue level, the aorta is composed of three distinct layers: the tunica intima, tunica 
media, and tunica externa or adventitia. The intimal layer is the innermost of the three,  
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accommodating the lumen, where blood flow occurs. The intima is comprised of a single 
layer of endothelial cells, which come into direct contact with blood, and a supporting 
internal elastic lamina. Smooth muscle cells, collagen, elastin, and proteoglycans 
comprise the medial layer, which gives the artery its elasticity. The aorta is considered to 
be an elastic artery, meaning it has a relatively high amount of elastin in the medial layer 
(Shadwick). The energy stored in the elastic fibers of the tunica media allows elastic 
arteries to function as a "pressure reservoir" which forwards blood during ventricular 
relaxation, or diastole. In addition, smooth muscle cells and collagen fibers are present 
between the layers of elastic fibers, providing strength. The tunica externa is the 
Figure 1.1: Diagram of human aorta (Medical University of South Carolina) 
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outermost layer, and is composed of fibroblasts and collagen with a supporting external 
elastic lamina. The external layer serves to anchor blood vessels to surrounding organs in 
order to provide stability. (Shadwick) 
 
C. Etiology of AAA 
The exact cause of AAA is, for the most part, not well understood. Currently, it is 
accepted that an aneurysm begins with a degradation of elastin and smooth muscle 
apoptosis in the tunica media (Choke). A lack of viable (crimp-structured) elastic fibers 
in the medial layer vastly decreases the elastic properties of the aortic wall. To 
compensate for this deficiency, collagen replaces the degraded elastin (Deux). However, 
the increase in collagen levels leads to greater wall stiffness, since collagen does not 
display elastic behavior (Choke). As the aorta attempts to expand and contract as usual, 
the aortic wall begins to expand abnormally, leading to aneurysm development. 
Moreover, the adventitia layer experiences higher-than-normal stress levels due to 
increased collagen content, inducing thickening and expansion (Humphrey & Taylor). As 
the AAA progresses, collagenase activity appears to increase, followed by degradation of 
collagen and weakening of the aortic wall (Choke). In severe cases, the rate of collagen 
degradation exceeds the rate of collagen production, and rupture can occur due to 
localized collagen failure in the wall where the wall stress surpasses the strength of the 
remaining collagen (Thompson). Additionally, the formation of a thrombus at the AAA 
site has been implicated in the evolution of AAA, but its pathophysiological involvement 
is highly debated (Choke). Some researchers support the theory that the intraluminal 
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thrombus weakens the arterial wall by inducing local hypoxia (Vorp[19]), while others 
believe it can actually act as a stress reducer (Bluestein). 
 
AAA progression may be triggered by mechanical and oxidative stresses, as well as 
tumor necrosis factor-α, interleukin-1β, interleukin-6, and interferon-γ (Yoshimura). 
When the stimuli listed above are present in higher-than-normal quantities in the aortic 
wall, the c-Jun N-terminal kinase (JNK) often becomes active within vascular smooth 
muscle cells in the tunica media, as well as in macrophages. The JNK pathway is 
responsible for ECM synthesis, MMP secretion, and proinflammatory cytokine secretion 
in these cells (Yoshimura). MMPs are of particular interest to researchers, as they are the 
enzymes involved in extracellular matrix degradation (Isenburg, Yoshimura). Specific 
MMPs that are known to be key to the pathology of AAA are MMP-1, MMP-2, MMP-3, 
and MMP-9 (Isenburg, Yoshimura). MMP-1 is also known as interstitial-collagenase and 
acts on fibrillar collagen. MMP-2, gelatinase, acts on elastin and cleaved collagen. MMP-
3, stromelysin, is the primary matrix metalloproteinase that is responsible for elastin 
degradation. Finally, MMP-9, also called gelatinase, acts on type IV collagen. AAA 
rupture is believed to be a result of an imbalance in several of these factors (Yoshimura). 
 
D. Surgical Treatment Approaches for AAA 
While a normal abdominal aorta is approximately 2 cm in diameter, AAA wall diameter 
ranges between 3 cm and 9 cm (Humphrey), progressing at the rate of 0.2-1.0 cm/year 
(Sacks). Surgery is performed when the maximum diameter of the aneurysm is greater 
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than 5 cm, since the risk of rupture has been found to increase greatly at this diameter 
(Choke).  
 
The standard method of treatment for AAAs larger than 5 cm in diameter is the 
implantation of an artificial vascular graft or stent graft at the site of aneurysm (Doyle[3], 
Isenburg). The primary goal of these techniques is to bypass and eliminate blood flow 
through the aneurysm site and thus, to prevent the aneurysm from rupturing. The vascular 
graft, made of either a Dacron or expanded polytetrafluoroethylene (ePTFE), is sutured to 
the necks of the aorta proximal and distal to the aneurysm following an abdominal 
incision and clamping of the infrarenal, and sometimes suprarenal aorta. The other 
common AAA treatment method is endovascular repair (EVAR). This technique involves 
the placement of a stent graft through the aneurysm by way of an intraluminal introducer. 
The graft is fixated to the healthy aortic tissue at either end of the aneurysm and includes 
self-expanding stents.  
 
Between these two methods, the EVAR technique has shown to be somewhat more 
effective in reducing post-operative mortality, mostly due to its less invasive nature 
(Doyle[3]). Still, a major issue associated with surgical intervention is that these stents 
are only anatomically appropriate for 30% to 60% of AAA patients (Isselbacher). 
Additionally, neither method is ideal since both are invasive surgeries, meaning that 
improper wound healing and infection are potential complications. Currently, surgical 
treatment of AAA carries a mortality rate of 4% to 5% (Katz). 
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E. Experimental AAA Treatment 
Because of the high mortality rate associated with the invasive surgeries used to treat 
AAA, other non-invasive pharmacological methods of action against AAA are currently 
being investigated. The purpose of these pharmacological treatments is typically to 
attempt to maintain elastin viability, or reverse its degeneration after AAA onset 
(Isenburg, Yoshimura), since it is generally agreed that AAA development begins with 
elastin degradation in the tunica media. 
 
One of the experimental compounds currently being studied is pentagalloyl glucose 
(PGG), a polyphenolic tannin known to bind to elastin (Isenburg). Specifically, healthy 
rats were perivascularly treated with either a PGG-saline or saline-only solution for 15 
minutes, then exposed to CaCl2, a compound know to degrade elastin and promote 
arterial calcification, and allowed to recover for 28 days. While 66% of the control 
(saline-only) group in this experiment displayed  aneurysms (defined as 20% or more 
increase in diameter), 18% of the PGG-treated group were aneurysmal. The authors also 
noted that crimp-structured elastin was maintained in the PGG group, for the most part. 
Aortic elastin content decreased by nearly 50% in the control group and less than 15% in 
the PGG-treated group. These results suggest that PGG may interfere with formation of 
early AAA. 
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In another experiment, the effect of PGG on the progression of established AAAs was 
investigated. More specifically, after the 28-day recovery from CaCl2-induced AAA, a 
control group was treated perivascularly with saline solution, while an experimental 
group was treated with a PGG-saline solution. After another 28-day recovery period, it 
was observed that half of the aneurysmal aortas in the control group experienced a 
significant increase in mean diameter, while PGG-treated aortas saw no such increase. 
Further, it was noted that 100% of the aortas in the PGG-treated group either maintained 
the same diameter or decreased in diameter in this time. Also, no additional elastin 
degradation occurred in the PGG group between days 28 and 56. Collectively, it was 
concluded that PGG is effective in preventing AAA, as well as hindering progression of 
established AAA.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Rat abdominal aortas from the Isenburg et al. study. Dotted lines depict 
the boundary of the aorta and help visualize the difference in aortic diameter. 
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Another molecular target currently being investigated is the c-Jun N-terminal kinase 
(JNK) pathway in AAA development and progression (Yoshimura). Based on 
observations that human AAA tissue displayed high levels of phosphorylated (active) 
JNK, the authors hypothesized that inhibition of this pathway could diminish the 
physiological changes typically seen in AAAs such as increased MMP production and 
suppressed biosynthetic enzyme activity. Using a mouse model of AAA similar to those 
described above in the PGG study, the effect of a JNK-inhibitor, SP600125, on 
prevention of AAA development was examined. When compared with a sham (saline-
only) group, the SP-treated AAA group exhibited similar aortic diameter. The SP-treated 
aortas also showed little to no thinning of elastin in the medial layer and less macrophage 
infiltration in the perivascular tissue, which would suggest JNK pathway inhibition 
diminishes inflammatory signaling typically associated with AAA (Yoshimura).  
 
To determine if JNK inhibition is also effective in halting progression or even promotes 
regression of established AAA, a separate experiment was performed. Three treatment 
groups were established to investigate this: the sham group, treated with saline solution 
for the 12-week duration of the experiment; the vehicle group, treated with CaCl2, 
allowed to recover for 6 weeks, then treated with saline solution for 6 weeks; and the SP 
group, treated with CaCl2, allowed to recover for 6 weeks, then treated with the SP 
compound for 6 weeks. The vehicle group displayed characteristics common in 
progressive AAA at the 6 week mark, which were maintained for final 6-week period of 
the study. In contrast, the SP group showed a markedly lower aortic diameter at the 12-
   9 
week time point. In fact, the diameter of most aortas in this group was actually lower at 
12 weeks than at 6 weeks. Additionally, normal elastin crimp structure and elastin 
content was seen for the SP group. Taking these observations into account, it could be 
concluded that JNK inhibition promotes regression of established AAA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: Rat abdominal aortas from the Yoshimura et al. study. The top row 
shows example aortas at the 6-week time point after being treated with CaCl2 
perivascularly, while the bottom rows show aortas from the SP-treated and 
vehicle-only (V) groups 12 weeks after the initial CaCl2 injury. 
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F. Biomechanics of AAA 
Although diameter is the only parameter taken into account when determining the 
necessity of surgery in a clinical setting, studies have shown that as many as 24% of 
AAAs rupture at a maximum diameter less than 5 cm (Nicholls). This indicates that other 
biomechanical factors may have a profound impact on the likelihood of AAA rupture, 
and numerous studies have been performed to identify these additional factors (Vorp[17], 
Sacks, Elger).  
 
The reliance on diameter as the main indicator for rupture potential is derived from using 
the Law of Laplace,  
 
 
where σ is stress on the aortic wall, p is the intraluminal pressure, Db is the aortic 
diameter, and t is the wall thickness (Johansen). This relationship is designed to relate 
stress to diameter, thickness, and pressure for a thin-shelled sphere. However, the aorta is 
not spherical, and AAA composition and shape is complex, thus looking only at diameter 
in the context of the Law of Laplace is insufficient. 
 
Elger et al. theorized that AAA geometry, specifically wall curvature, has a large impact 
on wall stress. In order to investigate the effect of varying shape (with constant diameter, 
Db = 5.0) on overall wall stress levels, a theoretical modeling study was performed. The 
model predicted that aneurysm shape has a large impact on circumferential (hoop) stress 
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(Nθ), as well as the maximum normal wall stress. It was noted that circumferential stress 
was consistently higher than meridional (longitudinal) stress (NΦ), thus maximum normal 
wall stress could be denoted as Nθ,max. For this initial study, it was concluded that the 
shapes with the highest curvature (κ), or lowest radius of curvature (ρ), elicited the 
highest maximum normal stresses, which occurred at the inflection points of each model.  
 
 
 
 
 
 
 
 
In a second modeling study, maximum stress was held constant at Nθ,max = 3.0, while Db 
was varied from 4.18 to 7.00. When the Law of Laplace was applied to the shapes of this 
study, the Nθ,max values calculated were between 1.05 and 1.75. These values were off by 
a factor of 2 to 3 from the actual Nθ,max of 3.0, indicating that using the Law of Laplace to 
estimate maximum wall stress is unacceptable. Based on these two model studies, the 
authors concluded that AAA shape greatly influenced maximum wall stress, and that wall 
Figure 1.4: Example two-dimensional shape from Elger et al., with stress 
distribution displayed. 
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curvature, and not bulge diameter, should be considered  the most important factor in 
wall stress calculations.  
 
While the Elger study generated the paradigm shift from bulge diameter to AAA shape as 
a major factor in determining risk of rupture, its major limitation was that only two-
dimensional, axisymmetric shapes were examined. Physiologically, AAA shape is often 
asymmetric (Vorp[17], Sacks) (Figure 1.5). Vorp et al. [17] examined the effects of 
asymmetry and bulge diameter on aortic wall stress, using ten different AAA models: 
five with equal diameters but varying levels of asymmetry, and the other five with equal 
asymmetry but different maximum diameters. The authors reported that increasing either 
asymmetry or diameter resulted in an increase in wall stress at the inflection points, 
where the hyperboloid nature of the surface becomes ellipsoid, on each model 
(Vorp[17]). Additionally, it was found that as the aneurysm became more asymmetric, 
the highest stress levels moved from the inflection points to the midsection of the bulge. 
When the aneurysm bulge increased in diameter but remained symmetric, the opposite 
effect occurred.  
 
 
 
 
 
 
   13 
 
 
 
 
 
 
 
 
 
Both the Elger and Vorp studies advanced knowledge of how AAA shape and bulge 
diameter affect wall stress levels. However, the common limitation in these models was 
the idealization of AAA shape. In vivo, AAA shape can often be quite complex and 
change abruptly along the surface (Sacks). Sacks et al. hypothesized that in vivo AAA 
wall curvatures, and associated wall stresses, could serve as a parameter to assess the 
necessity of surgical intervention for individual cases. Abdominal computed tomography 
(CT) scans for seven patients (6 with AAA, 1 healthy) were used to generate three-
dimensional reconstructions of the aorta in each case. A biquadric surface patch was 
implemented to obtain continuous principal curvature along the entirety of the aortic 
surface, and using these principal curvatures, mean curvature (average of principal 
curvatures) and Gaussian curvature (product of principal curvatures) were calculated. 
Using this computational model, several observations were made. First, it was noted that 
Figure 1.5: Three-dimensional AAA simulation, illustrating the difference between 
axisymmetric AAA (left) and asymmetric AAA (right) (Vorp[17]). 
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the AAA surface is far too complex to be accurately simulated with idealized shapes, as 
numerous subtleties on the surface affected curvature data (Sacks). Elliptical regions 
often juxtaposed hyperbolic regions, and areas of high curvature, or focal points, existed 
in each AAA. Gaussian curvature quantification was a useful tool in locating the 
elliptical-to-hyperbolic regions, as abrupt changes in the sign of the curvature occurred in 
those areas (Sacks). The authors concluded that these areas as well as areas of highest 
curvature would likely serve as points of interest in future studies, as abrupt changes in 
the curvature sign and high curvatures are related to more complex stress distributions 
and, potentially, higher stresses (Sacks).  
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CHAPTER 2: PROJECT RATIONALE 
Previous studies on pharmacological treatments for AAA have looked only at maximum 
diameter of the abdominal aorta to characterize efficacy. However, numerous research 
groups have identified the fallacies in this maximum-diameter criterion. For this reason, 
this Master’s thesis focused on developing a new characterization method to better assess 
the biomechanical response of AAA to pharmacological treatments.  
 
The overall goals of this project are to design, fabricate, and calibrate a novel ex vivo 
tissue testing system that will allow for 3D biomechanical analysis of small mammal 
aorta specimens. One of the advantages of using an ex vivo method is that tissue 
specimens can be subjected to varying intraluminal pressure, allowing for analysis under 
hypo-and-hypertension as well as at normal, physiological blood pressure. By relating 
applied pressure to the wall geometry of the aorta specimens with areas of high stress 
where rupture may be likely, the user can more fully characterize tissue biomechanics 
and therefore, treatment efficacy. 
 
This study has been divided into three main project tasks: 
1)  To construct a testing apparatus for pressure loading and imaging tissue specimens 
2)  To develop software to automate the testing procedure and process the acquired 
2D images into a 3D reconstruction of tissue specimens 
3) To calibrate the hardware and software components using phantom models and 
normal rat aorta tissue samples 
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CHAPTER 3: MATERIALS AND METHODS 
A. Testing Apparatus (Figure 3.1) 
To quantify the relationship between intraluminal pressure and aortic wall 3D geometry, 
we have developed an experimental setup that allows tissue samples to be pressure 
loaded and imaged from multiple angles at prescribed pressure increments. The testing 
apparatus is composed of: (1) a stepper motor (Haydon Kerk Motion Solutions, 
Waterbury, CT, USA) and a set of gears to rotate an aorta specimen mounted on; (2) 
tissue attachment arms that consist of swivel adapters (Small Parts, Logansport, IN, 
USA) and barbed quick disconnect devices (Cole-Parmer, Vernon Hills, IL, USA); (3) an 
x-axis stage (Edmund Optics, Barrington, NJ, USA) to accommodate for variation in 
tissue length; (4) a syringe pump (Harvard Apparatus, Holliston, MA, USA) to infuse 
physiological solution into the specimen to apply pressure loading; (5) a pressure 
transducer (Omega Engineering, Stamford, CT, USA) to monitor the intraluminal 
pressure for feedback control of the pump; (6) two Luer stopcock valves (Cole-Parmer) 
to equilibrate pressure; (7) a polycarbonate bath to keep the tissue hydrated; (8) a 
webcam (Logitech, Newark, CA, USA) to image the specimen from outside the tissue 
bath wall; (9) a black felt pad in the bath to provide a dark background to contrast the 
tissue during imaging. A custom LabVIEW (National Instruments, Austin, TX, USA) 
program was written to control these components and fully automate the experimental 
procedure.  
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Figure 3.1: Physical bath and com
ponents 
(1) 
(4) 
(5) 
(8) 
(7) 
(3) 
(2) 
(6) 
(6) 
(9) 
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B. Design Specifications 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C. Calibration of Pressure Transducer 
The pressure transducer converts pressure difference between two ports into a voltage 
output by measuring the changes in electrical resistance that results from deformation of 
the diaphragm separating the ports. In order to convert the measured voltage values to 
units of pressure, a calibration experiment was performed. Briefly, Tygon® tubing (100 
Table 3.1: Specifications established to meet the functional requirements of the 
tissue testing system 
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in. x 1/4 in. ID) was attached to the pressure transducer on one end and left open on the 
other end. The tubing was filled with water to create a hydrostatic column with adjustable 
heights. By raising the hydrostatic column to set heights in relation to the transducer, the 
pressure on the transducer could be calculated using the equation: 
 
 
where p is the hydrostatic pressure, ρ is the density of the fluid (1.0 g/cm3 in this case for 
water), g is acceleration due to gravity (9.81 m/s2), and H is height of the hydrostatic 
column (in inches). All values were converted to standard metric units for the final 
pressure calculation. Heights from 0-96 cmH2O (0-180 mmHg) with increments of 3 in. 
were tested. At each height, voltage due to the pressure difference was recorded. A plot 
of hydrostatic pressure versus voltage was created, and a linear trendline was fitted to this 
data. The slope of the trendline was used as the calibration coefficient (Figure 4.1). The 
experiment was repeated twice to confirm reproducibility of the data. 
 
D. Custom Code to Control Tissue Testing 
LabVIEW 2010 software was used to interface the electronic components of the testing 
apparatus and automate the tissue testing procedure. The program consisted of two 
separate LabVIEW VI’s (programs) to control different aspects of the tissue testing 
experiments. The first VI was programmed to compare pressure data acquired from the 
transducer to the desired value as entered by the user. When the actual value was less 
than the desired value, the pump would infuse solution to increase intraluminal pressure, 
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and when the desired value reached the actual value, the pump would stop. The second 
VI controlled the stepper motor and camera. When this VI was executed, the specimen 
was sequentially imaged then rotated in 30o increments, terminating when the specimen 
achieved one 360o revolution. Detailed information about the construction and logic of 
these VI’s is presented in Appendix B. 
 
E. 3D Image Reconstruction 
Custom MATLAB (MathWorks, Natick, MA, USA) scripts were written to convert the 
2D images acquired during tissue testing into a 3D image that allows for full surface 
characterization of the tissue at different pressure levels. Prior to MATLAB processing, 
the 2D images were pre-processed using the iPhoto software package (Apple, Cupertino, 
CA, USA) to crop and center the tissue, to ensure accuracy of 3D rendering. The acquired 
images were converted to grayscale and edges were detected using a threshold between 
adjacent pixels. The edge images were connected to form a wire frame construct, which 
was then smoothed, and a skin was placed on the outside to form a final 3D surface mesh.  
 
F. Calculation of Geometric Parameters 
The local curvature on the 3D surface image was calculated using methods described 
previously (Thirion & Gourdon). From these data, mean (H), Gaussian (K), maximum 
and minimum principal curvatures (κ1, κ2), and average diameter (Davg) of the final 3D 
image were determined. Average aortic diameters were calculated by using 5 randomly 
selected diameters near the middle of the tissue. The proximal and distal ends of the 
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tissue were not measured since these diameters were affected by the size of the barb at 
the connection site. Details on the code structure is presented in Appendix C. 
 
G. Calibration of Image Processing 
Calibration phantoms with known geometry were designed using Solidworks (Dassault 
Systèmes, Vélizy-Villacoublay, France) drawings and fabricated using a 3D printer 
(ProJet SD3000, 3D Systems, Rock Hill, SC, USA). All phantoms featured cylindrical 
regions with a constant diameter, and ‘bulge’ regions with varying radii of curvature 
(2mm, 6mm, 18mm) at the fillet (Figure 4.3). These phantom structures were imaged 
using the tissue testing system and the images were processed using the custom 
MATLAB scripts to produce 3D images. Curvatures of fillets and diameters of 
cylindrical regions of the reconstructed 3D images were determined using the MATLAB 
scripts and were compared with those in the original drawings. A calibration image of a 
metric ruler was acquired to allow for conversion of pixels in the 3D image to 
millimeters.  
 
H. Rat Aorta Testing Procedure 
Normal rat aortas were purchased from Pel-Freez Biologicals (Rogers, AR, USA) and 
stored frozen at -80oC in a 30% sucrose solution until use. Prior to testing, the tissue bath 
was filled with 2 L of saline solution at room temperature. The aortas were cut just 
inferior to the aortic arch and either superior or inferior to the renal arteries, giving a 
working length of approximately 20 mm. Cyanoacrylate was used to block the renal 
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artery openings for the aortas sectioned inferior to the renal arteries. Both ends of the 
aorta specimen were fitted over the barbs of the specimen connectors and secured using 
sutures. The x-axis stage was adjusted to straighten the specimen.  
 
 
 
 
 
 
 
 
 
 
 
Saline was infused through the specimen with the end open until the entire system was 
fluid-filled. At that time, the pump was stopped and the Luer valves were sealed to 
establish the reference pressure of 0 mmHg. The specimen was then subjected to step-
wise pressure-loading in increments of 30 or 60 mmHg as the syringe pump infused 
saline at 0.5 mL/min. At each step, pressure was held constant for approximately three 
minutes while the specimen was rotated 360o and imaged at every 30o.  
 
 
Figure 3.2: Example image of aorta tissue specimen during testing showing barb 
attachment sites and suture material 
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I. 3D Image Wall Stress Analysis 
Wall stress was estimated for the aorta that was artificially induced to expand in the 
interior of its length using cyanoacrylate glue. The stress analysis focused on an 
inflection point on the surface of the image that was selected due to having a high 
curvature value relative to the surrounding area. The equations derived by Elger et al. 
were adapted for use on the 3D models generated by our custom MATLAB scripts: 
 
 
For this equation, Nϕ is the unit-force acting on the aortic wall due to the curvature along 
the meridional axis of the aorta (r2), diameter of the aorta (y), and intraluminal pressure 
(p) at the point of interest. The cylindrical (non-expanding) portion of the aorta is 
represented by rv, and T(x) is the force on the aorta due to perivascular tethering, or the 
tension force needed to keep the tissue straight in vivo. Perivascular tethering was 
simulated in the testing procedure by applying a small tension force the aorta specimens 
once mounted on the tissue attachment arms. This force was assumed to be 0.1 N in the 
Elger study, but the assumption on this value had minimal impact on the final result. 
Values for r2 were calculated by first finding the slope of the meridional line at the point 
being studied (principal curvature), then by finding the distance of the line perpendicular 
to this slope from the central meridional axis. The equation to give the unit-
circumferential force on the aortic wall was denoted by: 
Nθ = [ p – (Nϕ / r1) ] ×	 r2 
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For this equation, Nθ is the unit-circumferential force, and was found to be the maximum 
force acting on the wall (Elger). The radius of curvature of the circumferential axis at a 
point of interest is denoted by r1. Maximum wall stress was then calculated using the 
equation: 
σθ = Nθ / t 
Where σθ was the circumferential and maximum stress that exists within the aortic wall, 
and t was the thickness of the wall, which was assumed to be constant at 250 µm for 
healthy tissue (Deux). Since pressure values varied for each model generated, maximum 
stress values for each model were plotted in relation to intraluminal pressure.  
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CHAPTER 4: RESULTS 
A. Pressure System Calibration 
The voltage outputs from the pressure transducer at pressures applied over the range of 0 
to 180 mmHg were linearly related to each other. When these data were plotted using 
Microsoft Excel, the trendline (with R2 = 0.99383) was expressed by V = 0.0000334 * P 
+0.003, and coefficients obtained from this equation were used to convert voltage 
readouts to pressure values within the LabVIEW code. This equation was assumed valid 
for pressures beyond those tested in the calibration, since the manufacturer’s specification 
sheet indicated a linear relationship between voltage and pressure from 0 to the maximum 
pressure (~775 mmHg). 
 
Figure 4.1: Pressure transducer calibration plot 
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To calibrate the custom pressure-loading LabVIEW VI, latex rubber tubing as a phantom 
specimen was pressure-loaded in a step-wise manner, where pressure was increased in 
increments of 20 mmHg and held constant at each level. Results from this experiment 
validated the ability of the custom VI to steadily increase intraluminal pressure within the 
range of 0-200 mmHg and hold the pressure stable at each step. Pressure was held level 
at each step to within ± 1.2 mmHg of the desired pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Latex rubber tubing was pressurized from 0 to 200 mmHg using our 
custom LabVIEW VI. 
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B. Calibration of Image Processing 
The Solidworks drawings of aneurysm phantoms with three different fillet sizes were 
successfully fabricated into 3D models (Figure 4.3). The images obtained using the tissue 
testing device (Figure 3.1) were then reconstructed into 3D images, and the Gaussian 
curvature distribution was displayed as color-coded maps (Figure 4.4). When actual and 
calculated minimum principal curvature values (at the inflection point between the 
cylindrical and bulge regions) were compared (Table 4.1), the average deviation was 
0.022 mm-1 ± 0.0175 mm-1 for the three phantom models. The average deviation for the 
cylindrical region diameter measurements was 0.09 mm ± 0.0173 mm, and was 0.356 
mm ± 0.085 mm for the bulge region. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: 
SolidWorks drawings 
of phantom 
aneurysmal aortas 
(left) and 
corresponding 3D 
printed structures 
(right). The “2mm” 
(a), “6mm” (b), and 
“18mm” (c) models 
are shown. 
a 
b 
c 
a 
b 
c 
Cylindrical region Bulge region 
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Figure 4.4: 3D
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age generation for Solidw
orks-created aneurysm
 phantom
s. The im
ages on 
the left w
ere produced using custom
 M
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B
 scripts. The im
ages on the right are those sam
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ages w
ith local G
aussian curvature equations applied to the surface. (a) “2m
m
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a  b  c  
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C. Tissue Testing Results 
1. Relationship between pressure and aortic diameter 
Using the 3D images, aortic diameter was approximated by averaging five diameters on 
the surface of each specimen (Figure 4.7). This was repeated for each pressure step, and 
data were plotted with respect to pressure (Figure 4.5, n = 2-4 data points). Average 
diameter at the baseline pressure of 0 mmHg was 1.56 mm ± 0.225 mm. When the 
intraluminal pressure was raised from 0 to 60 mmHg, and then from 60 to 210 mmHg, 
the diameter increased by an average of 27%, and 18%, respectively. 
 
When pressure-time plots from the latex tubing calibration (Figure 4.2) and those from 
aorta specimen testing (Figure 4.6) were compared, a disparity could be seen in pressure 
data noise at each pressure step. Pressure was constant to within ± 1.2 mmHg for the 
latex tubing and ± 3.3 mmHg for tissue specimens. This difference is believed to be due 
Table 4.1: Known and MATLAB-calculated minimum principal curvature values 
for aneurysm phantom models.  
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to the effect of stress relaxation on soft tissue, which occurs when tissue displacement is 
held constant and stress (pressure) declines slowly (Humphrey & Delange). This effect 
was minimal in the latex, which exhibits elastic rather than viscoelastic mechanical 
behavior. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Plot of intraluminal pressure versus the change in average aortic diameter 
for aortic specimens tested (n = 2-4). Diameter was found to increase by 45% from 0 
to 210 mmHg, on average. 
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2. Simulation of aneurysm shape in aorta specimen 
To create heterogeneous material properties, cyanoacrylate glue was applied and cured 
onto the surface of an aorta specimen for its entire length except for the middle 5 mm. 
Once the glue hardened it prevented dilation of the aorta under pressure and allowed only 
the middle section to increase in diameter. While the untreated portion of the aorta 
increased in diameter from 2.7 to 4.38 mm under 150 mmHg pressure, the diameter of the 
cyanoacrylate-treated portion remained at 2.6 mm under the same pressure (Figure 4.8). 
Additionally, the bulge under this pressure generated an inflection point with Gaussian 
curvature of -0.83 mm-1, which can become a point of high stress concentration, under 
150 mmHg pressure (Figure 4.9). 
 
Figure 4.7: Representation of aortic diameter approximation for an example 3D 
image. Five diameters near the center of the image were chosen, since values near 
the ends could be affected by barb attachment size.   
Davg = 1.89 mm 
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Figure 4.8: An aortic specimen was subjected to cyanoacrylate coating along the 
sides, except in the middle of the tissue. Diameter in the middle section increased 
from 2.7 mm at 0 mmHg (a) to 4.38 mmHg at 150 mmHg (b).   
a 
b 
Surface inflection point 
   34 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: Plot of pressure and the absolute value of G
aussian curvature for the 
cyanoacrylate-treated aortic specim
en.   
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3. Wall Stress Analysis 
Maximum wall stress was calculated at an inflection point between the cylindrical and 
bulge regions at each pressure level tested for the cyanoacrylate-treated aorta. It was 
found that the relationship between intraluminal pressure and wall stress at the inflection 
point was non-linear (not proportional): Wall stress levels rose rapidly between the 
baseline pressure and the 60 mmHg data point, but only slightly thereafter. Maximum 
aortic wall stress was calculated to be 0.004 kPa in the unpressurized state, while it 
ranged between 96 to 219 kPa when the aorta was subjected to pressure (Figure 4.10). 
For comparison, aortic wall stress was also calculated for healthy tissue with no surface 
inflection points, using the average diameter values from Figure 4.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Plot of intraluminal pressure versus the calculated aortic wall stress 
for the cyanoacrylate-treated aortic specimen and healthy tissue. 
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4. Qualitative comparison of 2D and 3D images 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To emphasize the accuracy of the 3D reconstructions, a qualitative comparison between 
2D and 3D images was performed (Figure 4.11). Certain surface subtleties were 
highlighted in the 2D image with their corresponding 3D representations. The 3D 
reconstruction succeeded in accurately representing these intricate surface marks, with 
only slight variation due to the 3D smoothing process. However, these surface 
a 
 
b 
Figure 4.11: Qualitative comparison between (a) 2D images acquired using our 
custom LabVIEW VI and (b) 3D image created using our custom MATLAB 
scripts.    
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irregularities generate false surface curvature data, which can lead to incorrect wall stress 
calculations at those sites. 
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CHAPTER 5: DISCUSSION 
AAA severity is conventionally characterized by its maximum wall diameter: It is 
generally agreed clinically that a wall diameter exceeding 5 cm is considered the critical 
value for surgery to be performed to avoid AAA rupture (Choke). For this reason and for 
the ease of data collection, studies involving experimental AAA treatments relied on wall 
diameter measurements to determine their efficacy (Isenburg, Yoshimura). However, it 
has also been documented that a significant percentage (~24%) of aneurysms rupture at a 
diameter less than 5 cm (Nicholls). Thus, it has become evident that maximum diameter 
should not be considered the only indicator of aneurysm severity. To this end, a paradigm 
shift toward attempting to estimate aortic wall stress as a means for assessing risk of 
rupture has occurred (Doyle[3], Doyle[10], Doyle[16], Elger, Vorp[17], Sacks). More 
specifically, AAA shape has been implicated as a factor that is very closely related to 
wall stress (Elger, Vorp[17]), and approaches to quantify 3D geometry (e.g. radii of 
curvature and surface inflection points) of the aorta such as CT and MR imaging are 
considered critical for the research of AAA biomechanics (Sacks). To our knowledge, the 
tissue testing system developed in the present study is the first of its kind capable of 
characterizing 3D geometry of small animal vascular tissue specimens under mechanical 
loading ex vivo. Such a device could be seen as vital to fully characterizing the efficacy 
of experimental AAA treatments.  
 
The comparison of actual values and calculated dimensions for the phantom models 
(Figures 4.3, 4.4) revealed that the 3D reconstructions performed by our custom 
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MATLAB scripts were mostly accurate (Table 4.1), with average percent error in 
diameter values of 2.25% (0.09 mm ± 0.0173) and 3.5% (0.356 mm ± 0.085 mm) for the 
cylindrical and bulge regions, respectively. Curvature values for the three phantom 
models, however, exhibited average percent error of 10% (0.023 mm-1 ± 0.017 mm-1). To 
reduce error in the curvature calculations further, the 3D smoothing process could 
perhaps be refined, since it is most likely to be the source of any inaccuracy between the 
2D and 3D-reconstructed images. Our current script executes the built-in MATLAB 
smoothing filter  “smooth3” eight times to analyze, input, and interpolate data points. 
Although the command is often useful in representation of 3D image data when few data 
points are available, overusing the function can “oversmooth” the input data, leading to 
misrepresentation of the 3D structure being investigated.  
 
In addition to oversmoothing, inadequate use of the “smooth3” function can result in 
“undersmoothing” of the input data, and capturing of minor surface irregularities can 
cause a separate problem. Comparison between 2D and 3D-reconstucted images of an 
aorta revealed that our MATLAB script captured irregular structures on the surface of the 
tissue in the 2D images and generated false-positive surface curvature data (Figure 4.11). 
Two potential solutions exist for this issue. First, decreasing the resolution of the 3D 
image reduces the amount and amplitude of these small surface irregularities. However, 
this method should only be used when the bulge of the tissue is obvious, as decreasing 
the resolution could eliminate valuable data points for smaller bulges. Second, 
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incorporating an algorithm in the custom MATLAB scripts to locate and eliminate 
surface irregularities smaller than a selected size could alleviate the issue. 
 
The present study demonstrated that our ex vivo system not only allows quantification of 
aneurysm shape parameters (wall diameter and curvatures) (Figures 4.4-9), but also gives 
the user control to change intraluminal pressure (Figures 4.5-6, 4.8-10). This feature 
allows for the effect of pressure on wall stress to be explored (Figure 4.10) and for 
calculation of wall tissue compliance (Δod/ΔP - change in diameter/change in pressure), 
which is another important parameter for assessing aneurysm severity (Vorp[13]). 
Although commercial systems, such as a pressure myograph (DMT, Aarhus, Denmark), 
are available for quantifying the pressure-diameter relationship and compliances of small 
animal blood vessels ex vivo, these devices tend to be expensive, and their proprietary 
software uses complex algorithms for diameter measurement that cannot be customized 
(Fischer). Custom devices such as ours in the present study can be constructed more 
economically with flexibility in design for different applications, giving it a substantial 
advantage over similar commercial devices. The capability to control intraluminal 
pressure during testing also gives our system a significant advantage over in vivo 
imaging approaches (ultrasound and MR imaging), since blood pressure can vary greatly 
from moment to moment (e.g. between systole and diastole, vasoconstriction, 
vasodilation) for live subjects. As demonstrated in the present study, fluctuating blood 
pressure has a significant effect on diameter and curvature measurements (Figures 4.5-6, 
4.9), which, in turn, affect wall stress (Elger, Vorp[17]). Our results provided evidence 
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that wall diameter increased by 15% under a pressure change from 60 to 210 mmHg for 
healthy tissue (Figure 4.5). This would suggest that average diameter data measured 
under varying blood pressure to evaluate aortic health in previous in vivo studies (Deux) 
could be skewed and should be interpreted with caution. 
 
By creating an aortic specimen that featured an artificial bulge, the present study 
demonstrated that Gaussian curvature (product of the minimum and maximum principal 
curvatures) increased from 0.54 to 0.83 mm-1 at a major surface inflection point between 
30 and 150 mmHg pressure (Figures 4.8-9). This change in the curvature value translated 
to a wall stress increase from 96 kPa to 219 kPa over the given pressure range (Figure 
4.10). By comparison, normal tissue with very low wall curvature values elicited wall 
stresses from 15 to 76 kPa over the same pressure range. These data illustrate the 
robustness of the tissue testing system, specifically its ability to generate surface 
curvature measurements and translate diameter and curvature to wall stress. To our 
knowledge, this type of data is the first to be presented for small animal test subjects, 
either in vivo or ex vivo, in relation to AAA simulation. Moreover, these data clearly 
demonstrate that because of intricate surface curvatures, intraluminal pressure and wall 
stress are not proportional to each other and support the view that the previous method of 
using aortic diameter and pressure to estimate wall stress at sites of aneurysm based on 
the Law of Laplace is insufficient (Elger, Vorp[17]). It should be noted, however, that the 
wall stress estimation technique (Elger) used in this study was originally designed for 
axisymmetric models and, thus, the values calculated may only serve as a rough estimate. 
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Ideally, the 3D images of aorta specimens generated by our custom MATLAB scripts 
would be used in finite element analysis for more accurate wall stress estimations 
(Appendix A – Literature Review on the FEA for AAA Stress Analysis). 
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CHAPTER 6: CONCLUSION 
This Master’s thesis has provided a novel ex vivo tissue testing system capable of 
pressure-loading and imaging small mammal tissue to allow for 3D biomechanical 
analysis. For the first time, both surface curvature and diameter of aorta specimens under 
a wide range of pressures can be quantified ex vivo, and these data can be used to 
estimate wall stresses. This is particularly useful for evaluating aneurysm severity and the 
efficacy of treatment approaches in small animal models of AAA. 
 
Going forward, there are a number of studies that could be performed using the ex vivo 
tissue testing system. Such studies may include pressure testing on not only small animal 
aorta specimens, but also other small animal organs, such as whole bladders. 
Additionally, the ability to perform finite element analysis studies on the 3D images 
generated using the custom MATLAB scripts would be desirable and would allow for a 
more customized and more accurate estimation of wall stress. 
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Appendix A: AAA Characterization Using FEA In Literature 
Recently, researchers have begun to focus on quantifying in vivo AAA wall stress, and 
have attempted to correlate these data to rupture potential (Doyle[3], Doyle[10], 
Doyle[16]). One study explored the possibility of using three-dimensional AAA 
reconstruction images as a guide for individual endovascular repair surgery (Doyle[3]) 
instead of two-dimensional CT scans. Measurements taken from three-dimensional aortic 
reconstructions were performed on four patients with advanced AAA awaiting 
endovascular repair, with wall stress quantification performed for one patient using finite-
element analysis (FEA). The authors concluded that their method of 3D aortic 
reconstruction has the potential to be a useful tool for guiding the design of customized 
endoluminal stent-grafts for individual patients with specific anatomical requirements, 
due to its ability to take aortic measurements difficult to obtain using 2D scans only. 
 
Another study attempted to develop a finite-element analysis rupture index (“FEARI”) as 
a guide for more clinically sound decisions to be made regarding the necessity of surgical 
intervention (Doyle[10]). An emphasis was placed on not only wall stress, but also wall 
strength in determining the propensity of an aneurysm for rupture. CT scans for ten 
patients with either pre or post-operative AAA were reconstructed using commercially-
available software into three-dimensional models. Finite-element analysis was performed 
on these models to determine the wall stress distribution for each case. To obtain wall 
strength measurements for each case, mechanical testing data from previous studies was 
combined, culminating in an ultimate tensile strength (UTS) estimation for each patient 
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based on the anatomical position of the aneurysm and the bulge diameter. The FEARI 
calculation was defined as the ratio of peak wall stress to estimated wall strength for each 
patient. An index of 0 means the aneurysm is not likely to rupture, while an index of 1 
translates to a very high likelihood of rupture. The authors concluded that the FEARI 
approach is clinically valuable due to its simplicity, and could be useful for determining 
the necessity of surgery when used alongside the established parameter of maximum 
diameter (Doyle[10]). 
 
Another study by Doyle et al. examined the ability of current models to accurately assess 
AAAs’ inclination for rupture (Doyle[16]). Thin-walled silicone rubber models, as 
representative AAAs, were pressure-loaded to rupture and imaged using CT scanning 
(Doyle[1]). The images were then reconstructed into 3D models using commercial 
software. FEA was performed on these 3D images to find areas of high stress. In 80% of 
the models tested, rupture occurred at the area of highest stress found using FEA, which 
was often located at an inflection point on the surface rather than the region of maximum 
diameter. The other 20% of the models ruptured at areas of high stress, but not peak 
stress. The group concluded that in general, their stress analysis accurately predicted 
rupture locations on representative silicone rubber models.  
 
While promising, the success of the modeling techniques described above has been 
limited by a number of assumptions (Reeps, Wolf, Doyle[9], Bluestein, Vorp[19]). One 
study investigated the impact of these model assumptions on computational 
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quantification of AAA wall stresses (Reeps). This report emphasized the sensitivity of 
computer stress analysis to several key components of finite-element modeling. CT scans 
were performed on four patients with varying AAA morphologies, and each AAA was 
reconstructed. FEA was then performed on each AAA with seven different levels of 
complexity. The factors considered were the presence of thrombus, wall calcification, the 
pre-stress geometry of the aneurysm, the method of blood pressure modeling, and the 
AAA wall material used. The authors found that for a specific aneurysm, changing model 
assumptions could alter displacement calculations by as much as 740%. The average 
maximum difference in displacement from the simplest to most complex models for each 
aneurysm was 607%. Additionally, the average difference in peak wall stress between the 
simplest and most complex models was 170%. Thus, a great deal of variation exists 
between the most common modeling techniques for computing AAA wall stresses, so 
there is still much room for improvement in this type of AAA modeling. Also, a level of 
consistency needs to be established for results achieved from FEA computer models of 
AAA to have significance in a clinical setting. 
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Appendix B: Hardware 
 
Part	   Manufacturer	   Part	  No.	   Description	  
Harvard	  Apparatus	  
Pump	  11	  
Harvard	  
Apparatus	   11	  Plus	  
The	  pump	  flushes	  the	  perfusion	  
fluid	  present	  within	  the	  syringe	  
into	  the	  system	  intraluminally,	  
increasing	  the	  intraluminal	  
pressure	  when	  the	  system	  is	  
closed.	  Functionality	  of	  the	  
pump	  including	  start,	  stop,	  and	  
perfusion	  rate	  is	  controlled	  by	  
LabVIEW	  2010.	  The	  pump	  
communicates	  to	  the	  computer	  
via	  USB	  port	  using	  an	  RJ11-­‐DB9	  
adapter	  (DigiKey,	  Thief	  River	  
Falls,	  MN,	  USA)	  
Clear	  Tygon	  Tubing	   Cole-­‐Parmer	   5114K17	   Flexible	  tubing	  which	  spans	  throughout	  the	  system	  
Pressure	  
Transducer	  
Omega	  
Engineering	  
PX26-­‐
015GV	  
The	  transducer	  continually	  
monitors	  the	  intraluminal	  
pressure	  of	  the	  closed	  system;	  
voltage	  data	  acquired	  via	  
LabVIEW	  DAQ	  Assistant	  
One-­‐way	  Luer	  
Stopcock	  Valves	   Cole-­‐Parmer	  
YO-­‐30600-­‐
05	  
Release	  air	  bubbles	  that	  get	  
trapped	  within	  the	  Tygon	  
tubing	  during	  perfusion.	  Valve	  
within	  bath	  allows	  for	  flushing	  
of	  the	  system	  with	  saline	  
intraluminally	  when	  open,	  and	  
pressure-­‐loading	  of	  tissue	  when	  
closed	  and	  perfusion	  is	  
occurring	  
Table B.1: List of hardware components 
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Part	   Manufacturer	   Part	  No.	   Description	  
Clear	  
Polycarbonate	  Bath	  
McMaster-­‐
Carr	   8707K631	  
Transparent	  container	  that	  is	  
filled	  with	  physiological	  
solution	  during	  testing	  with	  the	  
purpose	  of	  keeping	  the	  tissue	  
specimens	  hydrated.	  The	  
mechanism	  for	  adjusting	  for	  
tissue	  length	  variation	  (x-­‐axis	  
stage)	  is	  attached.	  The	  walls	  of	  
the	  bath	  were	  adhered	  with	  a	  
silicone	  gel	  (Loctite)	  
Swivel	  Adapters	   Cole-­‐Parmer	   34006-­‐17	  
Allow	  for	  smooth	  rotation	  of	  
the	  center	  components	  of	  the	  
testing	  system	  (gears	  and	  quick	  
disconnects)	  while	  maintaining	  
a	  pressure	  and	  watertight	  
environment	  
Barbed	  Quick	  
Disconnects	   Cole-­‐Parmer	   06360-­‐19	  
Secure	  tissue	  specimen	  when	  it	  
is	  fitted	  over	  the	  barbs.	  This	  
part	  is	  easily	  detachable	  and	  
therefore,	  makes	  for	  simple	  
tissue	  specimen	  placement	  into	  
the	  bath	  
Nylon	  Spur	  Gears	   McMaster-­‐Carr	   57655K31	  
Four	  identical	  gears	  are	  used	  to	  
translate	  rotational	  motion	  
from	  the	  stepper	  motor	  to	  the	  
tissue	  specimen.	  Placement	  of	  
gears	  on	  both	  sides	  of	  the	  
tissue	  eliminate	  the	  possibility	  
of	  tissue	  torsion	  during	  testing	  
Stainless	  Steel	  Rod	   McMaster-­‐Carr	   92000K113	  
This	  rod	  was	  cut	  to	  18”	  and	  
extends	  across	  the	  length	  of	  
the	  polycarbonate	  bath.	  The	  
rod	  is	  coupled	  to	  the	  stepper	  
motor	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Part	   Manufacturer	   Part	  No.	   Description	  
Coupler	   Grainger	   CLX-­‐4-­‐4-­‐A	   Couples	  stepper	  motor	  to	  stainless	  steel	  rod	  
X-­‐axis	  Mechanical	  
Stage	  
Edmund	  
Optics	   NT55-­‐018	  
The	  stage	  can	  be	  manually	  
moved	  horizontally	  by	  twisting	  
the	  knob	  on	  the	  top	  side,	  and	  
subsequently	  can	  be	  locked	  
into	  place.	  This	  mechanism	  
enables	  the	  user	  to	  adjust	  the	  
length	  between	  the	  Barbed	  
Quick	  Disconnect	  pieces	  in	  
order	  to	  account	  for	  varying	  
tissue	  specimen	  lengths	  
Can-­‐stack	  Rotary	  
Stepper	  Motor	  
Haydon-­‐Kerk	  
Motion	  
Solutions	  
46440-­‐05	  
Controlled	  via	  LabVIEW	  and	  
coupled	  to	  a	  rod	  which	  
transverses	  the	  length	  of	  the	  
bath.	  The	  motor	  powers	  
rotation	  of	  the	  tissue	  specimen	  
Bipolar	  Chopper	  
Drive	  
Haydon	  Switch	  
&	  Instrument	   40105	  
control	  unit	  of	  stepper	  motor	  
which	  receives	  output	  signals	  
from	  LabVIEW	  and	  sends	  the	  
signals	  to	  the	  	  stepper	  motor	  
Power	  Supply	   Power-­‐One	   HA24-­‐0.5-­‐AG	  
Power	  unit	  for	  the	  stepper	  
motor	  that	  operates	  at	  24	  Volts	  
HD	  Pro	  Webcam	   Logitech	   C910	  
Takes	  10	  MP	  still	  shot	  images	  of	  
the	  specimen	  and	  stores	  them	  
on	  the	  hard	  drive;	  controlled	  
via	  LabVIEW	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Prior to use, the chopper drive switchboard is set to the following conditions: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B.2: Chopper drive switchboard configuration 
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Appendix C: LabVIEW Programming 
1. Overview 
Four electrical components were controlled by our custom LabVIEW code (syringe 
pump, pressure transducer, stepper motor, and camera). Originally, each component was 
programmed individually into a “sub-VI” or sub-program, making troubleshooting easy. 
The pump and pressure transducer sub-VI’s were combined to create a pressure-loading 
program, or VI, while the motor and camera sub-VI’s were combined to create a rotation 
and imaging VI. 
 
2. Syringe Pump Sub-VI 
The syringe pump communicates with the computer via a USB 2.0 port using a DB9-
RJ11 adapter. LabVIEW drivers, specific to this make and model of the syringe pump, 
were downloaded from the National Instruments LabVIEW drivers website 
(http://www.ni.com/downloads/instrument-drivers) and were installed into the LabVIEW 
command tree (C:\Program Files\National Instruments\LabVIEW 2010\instr.lib\). 
 
 
 
 
 
 
 Figure C.1: Block diagram of syringe pump sub-VI 
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This sub-VI consists of the “pump initialize” block and the main while loop which 
continually checks the on/off switch on the front panel and determines if either the “pump 
start” block or the “pump stop” block runs.  
 
3. Pressure Transducer Sub-VI 
This sub-VI features the DAQ Assistant block  that runs continually to collect data (in 
volts) at a rate specified by the user. Due to electric noise, a filter was added to smooth 
the data. Finally, the pressure data was converted from volts to mmHg based on a 
calibration (Figure 4.1).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.2: Connection diagram within the DAQ Assistant setup 
for the pressure transducer as determined by LabVIEW 
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4. Stepper Motor Sub-VI 
This sub-VI specifies that 4 pulses be sent to the chopper drive of the stepper motor using 
a counter output pin on the NI DAQ card. The chopper drive reads these as full single 
pulses of 7.5o of rotation based on the switchboard settings, thus initiating a motor 
rotation of 30o.  
 
 
 
 
 
 
 
 
 
Figure C.3: Pressure transducer sub-VI block diagram 
Figure C.4: Stepper motor sub-VI block diagram 
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5. Camera Sub-VI 
A Logitech webcam was controlled through the National Instruments Vision & Motion 
software. The “Vision Acquisition Assistant” block allows the user to customize all 
aspects of the image being taken. The settings being used for this project are listed below: 
 
 
 
 
 
 
 
 
 
 
When the program is executed, the Vision Acquisition Assistant creates the image based 
on the above settings. It is important to note that these settings may need to be altered in 
the future depending on changes that may occur to the environment. The most important 
setting above is camera focus. It is critical that this value be calibrated depending on the 
positioning of the camera relative to the test subject, since an out-of-focus image can 
impede the ability of the MATLAB scripts to accurately detect object edges.  
 
Table C.1: Camera 
settings within Vision 
Acquisition Assistant 
block 
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The acquired  image is displayed on the front panel, and saved to the hard drive in the 
specified file format specified in the block diagram. JPEG files were chosen since the 
custom MATLAB scripts process JPEG images. The saved file location is also specified 
in the block diagram. A JPEG file must be present at the specified location prior to sub-
VI execution for image data to be recorded. 
 
 
 
 
 
 
 
 
 
 
6. Pump and Pressure Transducer VI 
The pump and pressure transducer sub-VI’s were integrated into a pressure-loading VI 
file. The front panel (Figure C.6) allows the user to input flow rate and desired pressure, 
and plots pressure vs. time in real time.  
 
Figure C.5: Camera sub-VI block diagram 
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The pressure data is acquired using DAQ Assistant at a rate of 20 Hz and N=5 samples, 
thus 5 samples are collected every 0.25 seconds. Due to the electric noise of the 
environment, these 5 samples are averaged, and that average value is plotted; one actual 
data point is collected for plotting every 0.25 seconds.  
 
 
 
 
 
 
 
Figure C.6: Pump/pressure transducer VI front panel 
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The actual pressure value is continuously compared to the desired pressure entered by the 
user, creating a Boolean case structure, which either starts or stops the pump. A value of 
“true” registers when the actual pressure is less than the desired pressure, and a “start 
pump” event occurs for this case. A value of “false” registers when the actual pressure is 
greater than the desired pressure, which triggers a “stop pump” event. 
 
 
 
Figure C.7: Pump/pressure transducer VI block diagram 
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7. Imaging & Rotation VI 
The stepper motor and camera sub-VI’s were integrated into program which sequentially 
rotates the specimen in 30o increments and images at each angle step. No user inputs exist 
for this VI, and the front panel consists of 12 image panes, which are updated as images 
are acquired. The block diagram shows that imaging and rotation occurring until the 
sample has been rotated 360o and imaged at every 30o.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.8: Imaging/rotation VI front panel 
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Figure C.9: A portion of the imaging/rotation VI block diagram 
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Appendix D: Custom MATLAB Scripts 
1. “batchprocessing.m” 
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“batchprocessing.m” Notes 
Line 4: Specifies location of images being processed. This will need to be changed when 
image file folder is changed. 
Line 10: Factor of image resize. If shorter processing time is necessary, this factor can be 
increased. It is recommended to leave this at 1 (indicating no image resize) for maximum 
resolution. 
Line 25: RGB to grayscale image conversion 
Line 27: Image cropping of (height, width). It is recommended to crop images outside of 
MATLAB first to the same size, or very close to it. Make sure that all images are at least 
as big as what is specified within this line of code, or an error message will result. 
Line 48: Specifies threshold for edge detection.  
Line 54: Use of Sobel method to detect edges within images 
Figure 1: If edge detection works properly, the object should be filled red, and the 
background should be blue. 
 
Figure D.1: MATLAB code for batchprocessing1.m 
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2. “batchprocessing2.m” 
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“batchprocessing2.m” Notes 
Line 2: Shrink amount here must match the shrink amount specified in batchprocessing.m 
Line 5/6: Input for size of 3D box created in this script. The aspect ratio here (length 
divided by width) must match the aspect ratio of the input 2D images, or else the final 3D 
image will be distorted. Larger numbers will increase the processing time but increase 
resolution and vice versa.  
Line 17: This is adjusted based on the number of images being processed. Imaging at 30o 
increments creates 12 images, but imaging at 20o increments, for example, would 
produce 18 images. This number must be altered accordingly. 
Line 30: This equation must also be altered if the imaging angle is changed. Change the 
angle of imaging (set to 30 for now) to reflect this. For example, if the imaging angle is 
20o, the equation would be:  angle = n*20*2*pi/360 
 
 
 
Figure D.2: MATLAB code for batchprocessing2.m 
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3. “batchprocessing3.m” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure D.3: MATLAB code for batchprocessing3.m 
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“batchprocessing3.m” Notes 
Line 14: 3D data smoothing using Gaussian method. It was found that 8 “smooth3” 
functions made the surface the most accurate. 
Line 20/21/22: Conversion between pixels and millimeters for accurate curvature 
calculation. Conversion factor is millimeters per pixel. This number needs to be changed 
when the 3D box resolution is altered to match the new ratio. 
Line 67: Set C = to desired curvature. Choose between either principal curvature (k_max 
or k_min), mean curvature (mean_curvature) or Gaussian curvature 
(Gaussian_curvature). 
Line 83: Sets curvature colorbar range. 
Line 84: Choose colormap for figure. Default is “jet” which is red in higher-value areas 
and blue in lower-value areas.  
**Use the custom function get_curvature(y,x,z) to get the local curvature at a specific 
point on the figure. 
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